Iron promotes DNA damage by catalyzing hydroxyl radical formation. We examined the effect of chromatln structure on ONA susceptibility to oxldant damage. Oxygen radicals generated by H 2 O 2 , ascorbate and iron-ADP (1:2 ratio of Fe^iADP) extensively and randomly fragmented protein-free DNA, with doublestrand breaks demonstrable even at 1/iM iron. In contrast, polynucleosomes from chicken erythrocytes were converted to nucleosome-sized fragments by Iron-ADP even up to 250/*M Iron. Cleavage occurred only in bare areas where DNA is unassoclated with histone. In confirmation, reassembly of nucleosomes from calf thymus DNA and chicken erythrocyte histone also yielded nucleosomes resistant to fragmentation. Protection of DNA by histone was dependent on nucleosome assembly and did not simply reflect presence of scavenging protein. In contrast to this specific cleavage of internucleosomal linker DNA by iron-ADP, iron-EDTA cleaved polynucleosomes indiscriminately at all sites. The hydroxyl radical scavenger thiourea completely inhibited the random cleavage of polynucleosomes by iron-EDTA but inhibited the nonrandom cleavage of polynucleosomes by iron-ADP less completely, suggesting the possibility that the lower affinity Iron-ADP chelate may allow association of free iron with DNA. Thus, oxygen radicals generated by iron-ADP indiscriminately cleaved naked DNA but cleaved chromatln preferentially at internucleosomal bare linker sites, perhaps because of nonrandom iron binding by DNA. These findings suggest that the DNA-damaging effects of iron may be nonrandom, site-directed and modified by histone protein.
INTRODUCTION
Cellular metabolism generates reactive oxygen species including superoxide anion and hydrogen peroxide (H2O2). Trace metals such as iron can catalyze the formation of hydroxyl radical (• OH) from H2O2, potentially causing DNA damage (1) (2) (3) . Oxidative DNA damage is believed to contribute to the development of cell damage induced by radiation (4, 5) and certain chemotherapeutic agents (6, 7) and to the development of neoplasia via mutagenic or clastogenic effects (1, 5, 8) . Previous in vitro models have examined iron and oxygen radical induced damage to naked DNA unassociated with its histone protein and/or have utilized iron associated with nonphysiologic chelators (6, 7, (9) (10) (11) . DNA in its native state in the nucleus, however, is complexed with histone protein in repeating nucleosome units, comprising 140 base pairs (bp) of DNA wound around a central histone octamer (12) . The histone octamer together with histone HI stabilizes 160 bp of DNA and confers resistance to micrococcal nuclease digestion, with unprotected linker DNA, unassociated with protein and of variable length, joining adjacent nucleosome units (13) . The relationship between higher order chromatin structure and susceptibility to iron induced oxygen radical damage to DNA is unknown.
In this study, we investigated the possibility that nucleosomal structure might protect the histone-associated DNA from oxidative damage. For these studies we used an oxygen radical damaging system consisting of H 2 O2 t ascorbate and iron associated with a possible physiologic chelator, ADP (14, 15) . To investigate the mechanism of interaction of this low-affinity iron chelate with polynucleosomal DNA, we compared its effects with a high affinity iron chelate, iron-EDTA, which generates •OH in fluid phase and is believed not to bind to DNA (16, 17) . form), and nucleosomes and DNA derived from nucleosomes were either stored over resin or dialysed against buffers containing resin just prior to use.
Polynucleosome and DNA preparation from chicken erythrocyte chromatin Chromatin was prepared from freshly collected chicken erythrocytes as previously described (18) . Washed nuclei were lysed by 1% (v/v) Triton X-100, and the resulting chromatin preparation was digested with micrococcal nuclease (50 units/mg DNA). Following termination of digestion by 5mM Tris-HCl containing 5mM EDTA (pH 7.5), nuclear debris was pelleted by centrifugation, and supernatant poly nucleosomes were fractionated by exponential sucrose gradient fractionation. Fractions showed the characteristic absorbance profile at 260 nm of nucleosomes fractionated in this way (not shown). The size of polynucleosome fractions was characterized by gel electrophoresis (see below) and visualized by ethidium bromide staining (Fig. 1) . Protein-free control DNA was prepared from polynucleosomes isolated from chicken erythrocyte chromatin by two phenol extractions followed by two chloroform extractions and ethanol precipitation.
Nucleosome assembly
Nucleosomes were reassembled from calf thymus DNA and chicken erythrocyte core histones as previously described (19) . The core histones were prepared from freshly collected chicken erythrocytes. Nuclei were extensively washed and partially digested with micrococcal nuclease (19, 20) . After removal of histone HI by stirring over the ion-exchange resin AG1-X8 (21), histones were salt-extracted by dialysis into 2M NaCl, 5mM TrisHCl, 0.5mM EDTA, 0.1mm phenylmethylsulfonylfluoride (pH 7.3). Nuclear debris was pelleted by ultracentrifugation (20) , and the protein content of the supernatant histone measured by Biorad protein assay was lmg/ml. High molecular weight calf thymus DNA was exposed to RNase A (100/tg/ml; 37°C for 60 minutes) to remove contaminating RNA, deproteinized by phenol/chloroform extraction, and sheared (30,000 rpm for 30 minutes; Virtis 45 homogenizer) prior to mixing with core histones. Nucleosomes were assembled by mixing DNA and salt-extracted core histones at a histone:DNA ratio of 0.8:1 (22) in 2M NaCl, 0.01% 2-mercaptoethanol, 0.2mM PMSF, 5mM tris-HCl (pH 7.2). Reconstruction included 8 stepwise 90 minute dialyses against NaCl varying from 2M to 0.05M (19) . Nucleosome assembly was verified by micrococcal nuclease digestion (0.2u//tg DNA; 30 minutes) which resulted in digestion to 140 bp DNA fragments when nucleosome assembly was successful.
These nucleosome extraction and reassembly procedures were carried out at 4°C. All buffers and reagents, including those used in subsequent experiments, contained 0.1-0.2 mM phenylmethylsulfonylfluoride to inhibit endogenous nuclease activity, and all were rendered iron-free using Chelex resin, the resin being removed by centrifugation or filtration immediately prior to use.
Exposure to iron and oxygen radicals
Protein-free DNA (calf thymus or chicken erythrocyte), extracted polynucleosomes, and reassembled nucleosomes were exposed to an oxygen radical generating system comprised of iron (1-500/tM), H 2 O 2 (1-500/iM) and ascorbate (150-500/tM). Iron (FeCy was used either in the form of a Fe^/ADP chelate (molar ratio 1:2) or of a Fe 2+ /EDTA chelate (molar ratio also (23) . The Fe 2+ /ADP, Fe 2+ /EDTA, ascorbate and H2O2 solutions were freshly prepared just prior to use. DNA was 10/xg per exposure in experiments using calf thymus DNA and 60/xg per exposure in those using polynucleosomes and control chicken erythrocyte DNA. Exposure of polynucleosomes prepared from chromatin and DNA extracted therefrom was in 5mM phosphate, 80mM NaCl (pH 7.2), and exposure of reassembled polynucleosomes and DNA extracted therefrom was in 5mM phosphate, 50mM NaCl (pH 7.2). Exposure was at 37°C for 1 hour, timed from the addition of ascorbate to termination of the reaction with deferoxamine (5mM). In time-response experiments, we found that development of double-strand breaks in DNA began within 20 seconds of oxygen radical exposure, most damage occurred between 5 and 10 minutes, and that damage was maximal at 60 minutes (data not shown).
Detection of double-strand DNA breaks
Polynucleosomes and monomer nucleosomes were deproteinized by phenol-chloroform and isoamyl alcohol extraction followed by ethanol precipitation. DNA was resuspended in Tris-EDTA and electrophoresed on agarose gels (40mV for 12 hours) following the addition of ethidium bromide directly to samples. DNA was visualized by ultraviolet light and double-strand breaks detected by the appearance of low molecular weight DNA fragments. Data shown are representative of repeated experiments. The extraction process alone did not cause damage to DNA in the form of double-strand breaks (not shown).
RESULTS

Fragmentation of protein-free DNA by iron and oxygen radicals
In the presence of ascorbate and H 2 O 2 , iron-ADP extensively damaged DNA causing double-strand breaks at concentrations as low as 1 /xM iron ( Fig. 2A) . Iron-mediated degradation of Figure 3. Exposure of polynucleosomes to oxidant damage. Chromatin polynucleosome aliquots were exposed to iron/fyCVascorbate, and DNA extracted from each aliquot was electrophoresed on 1.5% Nusieve/0.5% Seakem agarose gel (Panel A). Lane 1 shows the 123 bp DNA molecular weight marker. Lanes 2-5 show DNA from polynucleosomes that were exposed to iron (350, 250 and 50/tM and 0/iM respectively) in the presence of H 2 C>2 (500/iM) and ascorbate (500^M). The control experiment in Panel B shows extensive fragmentation of DNA that was exposed to oxygen radical stress after extraction from the polynucleosomes. Lane 1 shows control protein-free DNA; lanes 2-6 show DNA exposed to HjO, (500/iM) and ascorbate (500(iM) and iron (0, 50, 100, 250 and 500^M respectively).
protein-free DNA was characterized by random fragmentation covering a wide size range, the smallest fragments being much smaller than the 123 bp DNA molecular weight marker (Fig 2B) . Ascorbate and H 2 C>2 alone, in the absence of iron, did not cause appreciable damage to protein-free calf thymus DNA . In doseresponse experiments, at 1/tM iron-ADP and 500/tM ascorbate, DNA double strand breaks increased with increasing H 2 O2 concentration from 100 to 500/*M (data not shown).
Exposure of polynucleosomes to iron and oxygen radicals
In contrast to the random fragmentation observed for proteinfree DNA, concentrations of iron-ADP up to 250/tM iron, with ascorbate and H 2 C>2 converted pooled large molecular weight polynucleosomes (greater than 600 bp, represented by fractions 1-3 in Fig. 1 ) to monomer and dimer nucleosome forms (Fig. 3A) . The size of the monomer band was approximately 160 bp, consistent with the formation of monomer nucleosome particles. At extremely high concentrations of iron (350-500/xM), nucleosomal histone protein was no longer able to protect its associated DNA, and random fragmentation with formation of smaller fragments of DNA was evident (Lane 2, Fig 3A) . No discernable damage to polynucleosomes was caused by H 2 O2 and ascorbate in the absence of iron (Fig. 3A) . In contrast to the nucleosomal ladder-like cleavage of polynucleosomes by iron-ADP, protein-free DNA extracted from these polynucleosomes was indiscriminately cleaved when exposed to iron/ascorbate/r^C^ under the same conditions (Fig. 3B) . Extensive damage to DNA was evident even at 50/tM concentrations of iron-ADP (the lowest concentration used in these experiments) and double-strand breaks were random, with no periodicity of attack or nucleosomal pattern evident. The additional extraction process itself did not alter the susceptibility of DNA to oxidant damage (data not shown). 
Exposure of reassembled nucleosomes to iron and oxygen radicals
We also reconstituted nucleosomes from protein-free calf thymus DNA and chicken erythrocyte core histones and exposed them to iron-ADP, H2O2 and ascorbate. The reconstituted nucleosome cores do not contain histone HI and are associated with approximately 140 bp of DNA (Fig. 4A) . These reconstituted nucleosomes were resistant to degradation by iron-ADP even at 500/iM concentrations so that nucleosome structure was 560bp- Figure 5 . Addition of core histories to DNA fails to protect DNA in the absence of nucleosome assembly. Lane 1 shows the Hind m DNA molecular weight marker. Lanes 2 and 3 show protein-free DNA exposed to H 2 O2 (SOOjiM) and ascorbate (500>tM) in the absence and presence of 100/iM iron, respectively. Core histones were then mixed in a 0.8:1 ratio with calf thymus DNA, and the mixture exposed to H 2 Oj (500/iM) and ascorbate (500^M) without and with lOO^M iron (lanes 4 and 5, respectively).
6
123bp - Figure 6 . Random cleavage of polynucleosomes by iron-EDTA. Polynucleosomes were exposed to increasing concentrations of iron-EDTA/H 2 0 2 /ascorbat£. DNA was extracted and electrophoresed on a 1.5% Nusieve/0.5% Seakem agarose gel. Lane 1 shows DNA from polynucleosomes that were exposed only to H 2 C>2 (500jiM) and ascorbate (500/iM) in the absence of iron. Lanes 2-6 show increasing random fragmentation of polynucleosomes exposed to H 2 O 2 , ascorbate and increasing concentrations of iron-EDTA (0.1, 1,2, 10 and 50 fiM respectively).
conserved (Fig. 4B) . In contrast, the protein-free DNA that was used for these nucleosome reassembly experiments was extensively fragmented at 100/tM iron-ADP (Fig. 4C) . This damage to DNA unassociated with histone protein was random, with no evidence of formation of a nucleosome-like pattern and no evidence of a 140 bp particle resistant to fragmentation.
Unassembled histone protein fails to protect
Core histone protein mixed directly with calf thymus DNA under conditions not conducive to nucleosome assembly (which we verified by failure to assemble nuclease-resistant nucleosome particles; data not shown) failed to protect DNA against ironmediated oxygen radical damage (Fig. 5) . this iron chelate is unlikely to bind directly to DNA, and, by virtue of its high affinity for iron, it is unlikely to allow binding of free iron by DNA (16, 17) . In contrast to the internucleosomal cleavage of polynucleosomes by iron-ADP, iron-EDTA under the same experimental conditions cleaved polynucleosomes indiscriminately, as evidenced by lack of accumulation of a monomer band (Fig. 6) . Although iron-EDTA is a more efficient generator of • OH than is iron-ADP in this experimental system (data not shown), we observed this completely random damage by iron-EDTA even at the lowest iron-EDTA concentrations causing any detectable damage.
Random damage to polynucleosomes by iron-EDTA
Influence of thiourea on iron-mediated damage to DNA and polynucleosomes
The addition of the OH scavenger thiourea (lOmM) completely inhibited fragmentation of protein-free calf thymus DNA by low concentrations of iron-ADP (Fig. 7A ) and by iron-EDTA (not shown). Random damage to polynucleosomes caused by 50^M iron-EDTA was also completely inhibited in the presence of thiourea (Fig. 7B) . In contrast, at concentrations of iron-ADP which result in a similar degree of polynucleosome fragmentation, thiourea failed to afford such complete protection ( Figure 7 , Panel B). This incomplete inhibition by thiourea of iron-ADP mediated polynucleosome cleavage was also seen at lower concentrations of iron-ADP (not shown).
DISCUSSION
Oxidant stress potentially exerts clastogenic and mutagenic effects on cells (24) (25) (26) , can promote transformation (27) , and may have some direct carcinogenic capability (28) . At the molecular level, oxygen radicals induce a myriad of structural defects in DNA (9, 29, 30) , most likely mediated via hydroxyl radical formation involving a Fenton type mechanism targeted by intranuclear iron (3). It is hypothesized, but not proven, that such damage is mediated by DNA-bound iron (31) . Such bound iron complexes could be formed with DNA nucleotides or the phosphate groups of the DNA backbone (3, 32) . Previous in vitro studies of oxidant-induced damage to cell-free DNA have used unphysiologic iron chelators such as EDTA or methidiumpropyl-EDTA (10,11). Iron-EDTA generates fluid-phase -OH, and, by virtue of its electronegativity, this chelate is assumed to be unable to complex with the DNA polyanion (16, 17) . In our studies we have used iron in the presence of a possible physiologic chelator, iron/ADP, because ferrous iron/nucleotide complexes catalyse the production of OH radicals from H2O2 (14, 15) , and ADP may be available in cell nuclei. The observed differences in DNA damage mediated by iron-ADP and iron-EDTA in our study suggest different mechanisms of damage for the two chelates. While naked DNA was extensively and randomly fragmented by as little as 1/tM iron-ADP under experimental conditions in which only 1 iron molecule is available per 555 bp of DNA, iron-ADP converted polynucleosomes to monomer nucleosomes. Iron-targeted oxidation preferentially destroyed internucleosomal sites, i.e., DNA unassociated with histone protein. Iron-EDTA-mediated oxidation, however, did not appear to be targeted preferentially to internucleosomal sites, since random cleavage of polynucleosomes with no mononucleosome formation was observed at all iron-EDTA concentrations. Thus, histone protein appears to protect DNA from damage mediated by iron-ADP, but not by iron-EDTA.
The actual mechanisms through which nucleosomal histone protein protects associated DNA from iron-ADP oxidant damage are not proven. It is unlikely that this protection is due to nonspecific scavenging of • OH or to removal of iron by histone metal binding domains (33) , since histone proteins do not protect without nucleosome assembly. Nonrandom internucleosomal • OH induced DNA damage cannot be due to sequente specificity, since the same DNA when removed from histone becomes susceptible to random damage. The conformation of DNA in nucleosomes may result in its relative insensitivity to damage, which could result either from decreased inherent susceptibility to OH attack or from altered iron binding by DNA. Our observations argue against a decreased inherent susceptibility, since nucleosomal structure did not protect DNA from damage by fluid phase OH generated by iron-EDTA. We also do not believe that our results can be simply explained by bulk phase shielding conferred by nucleosomal protein, diminishing accessibility of DNA to the damaging agent. There are few contact points between histone protein and DNA in the nucleosome, and DNA residues associated with the core particle still remain accessible to small molecules (34) . Moreover, when DNA is attached to a calcium phosphate surface, which should provide an absolute shielding from • OH generated in bulk phase, cleavage is modulated (depending upon base proximity to the shielding surface) but still occurs at all base pairs (35) .
Our findings using iron-ADP appear to be in contrast to 'hydroxyl radical footprinting' in which the presence of DNA binding proteins is proven by their protection of underlying sequences from iron-EDTA-generated -OH-mediated damage (16, 36) . However, these nonstructural proteins are generally believed to be bound to DNA in major or minor grooves (36, 37) in a manner distinctly different from the association of core histone with DNA wound around the outside of the nucleosomes. A similar iron-EDTA system has been used to corroborate the conformational alteration (periodicity of helical turns) of DNA associated with nucleosomes (38). Indeed, the latter investigation documents that the hydroxyl radical footprinting method using iron-EDTA cleaves DNA at all sites even within the nucleosomal segment supporting our conclusion that our findings cannot be explained by bulk phase shielding of nucleosomal DNA by histone protein. Thus, prior investigations have not addressed the protective effect of nucleosomal histone protein that we have demonstrated; nor have they investigated the cleavage patterns of alternative iron chelates.
The specific internucleosomal DNA attack by iron-ADP (but not by iron bound to the higher affinity chelator EDTA) suggests that iron-ADP may allow generation of -OH at the target site rather than in fluid phase. Evidence that this difference indeed results from differences in site of • OH production is suggested by scavenging studies. Although thiourea completely inhibited iron-EDTA cleavage of polynucleosomes, it only incompletely inhibited damage resulting from iron-ADP. Thus, oxidant generated in fluid phase by iron-EDTA is more accessible to scavenging than that generated by iron-ADP, supporting the hypothesis that iron binds directly to DNA when presented as a chelate with ADP (39). It is conceivable that iron-ADP binds as a complex to DNA, but it is more likely that the low affinity chelate liberates free iron which then becomes associated with the target DNA. Indeed, at the concentrations used in these studies, at a 2:1 ADP:iron ratio, and assuming an association constant for the iron: ADP complex of 10 4 (40), there would be some free iron not bound to ADP. Consistent with an effect of free iron (or iron-ADP) bound directly to DNA, separate experiments (data not shown) revealed a diminution in DNA damage in proportion to elevation of NaCl concentration.
The pathophysiological significance of our observations remains conjectural since extensive double-strand fragmentation of DNA is required for detection of damage in our system, dictating the use of rather high iron concentrations. Single-strand breaks may be more pathophysiologically relevant in terms of the mutagenic effects of iron. However, it is likely that accumulation of double-strand breaks reflects prior development of single-strand breaks in our experimental system. Irradiation models of DNA damage have demonstrated a complex relationship between double-and single-strand breaks by identifying a linear dose-response relationship between OH generation and single-strand breaks and a linear-quadratic doseresponse relationship for double-strand breaks (9, 41). We cannot state for certain whether development of double-strand breaks in our system derives entirely from direct conversion of singleto double-strand breaks or whether it derives by accumulation of multiple independent single-strand breaks or whether both processes are involved. In either case, however, the iron-ADP system leads to nonrandom targeting of the oxidant damage to DNA. Since iron-ADP at concentrations less than 250jtM nonrandomly cleaved linker areas, it is probable that DNA damage resulting from the low physiologic or pathologic intracellular iron concentrations would also be targeted to these areas. Although nothing is known about the availability of iron in the nucleus in close proximity to DNA, we believe it likely that iron concentrations capable of significant DNA damage can occur, especially in iron overload states.
Thus, our data suggest that histone proteins, which are highly conserved during evolution, may provide a protective role for nuclear DNA in vivo. Certain areas of the genome, those not associated with histone protein, may be relatively unprotected against mutagenic damage, and actively transcribing genes, with more 'open' chromatin structure and decreased histone binding to DNA (42), may become preferred targets for oxidant damage. Pathologic conditions characterized by iron-overload such as hemochromatosis predispose to the development of neoplasia, possibly mediated by the mutagenic effects of iron-targeted oxygen radicals (1, 5) . In this setting, chromatin structure may provide a protective cellular mechanism against widespread mutagenic effects of iron and oxygen radicals. It is possible, however, that this protective effect inadvertently directs ironoxidative damage to active genes, especially in actively dividing cells; such damage may result in deregulation of genes involved in cell growth. It seems possible that such mechanisms could contribute to non-random genetic alterations associated with malignant transformation. 
